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PREFACE 
Thin report u one of a  saia d d i q  a  multidkiphq m u l t h t h d  U S A  mearch 
study on ,Mmqmeut of Eamgy/Embrrment Syatuus The primary o w  of the raeucfi 
u the ddopment  of qurntitntivs tooh for n(gocul lad earimnmeut policy dmp 
and d y s b o r ,  in a broder -, tbm derdopment of a  cohamt, rulirtic # to 
are%y/aarimnment system my.nment Tha outp t l  of thm rweuch prog.m in&& 
correptn, applied methodohpa. and caw studies Dwiug 1979, caue atudia were emphrrzed; 
they focusacd on b p d y  differing +om. nameiy, th Canun Democratic Republic, tbs 
Rh6ne-rilpra +on in southern Fruree. and the state of W i &  in the U.S.A. The IIASA 
raurch wu conducted within a  nctwurk of c o l l a b o e  inrtitutiom compmd of the Innthat 
fiir Energetlk, Leipig; the M t u t  Economique et Juridiqua de L'Energa. CrenoMa; and the 
Umvaaity of Wlsconrin. .wadimIl. 
Thin report ia concerned with the description of a  sptem ap-h to the raJyaim of 
envimnmentai impact of electrical gurerotuy pian- The reaarch evdved h m  eitorb at 
the University of Wiseonsin on the Wmonsin h r q  M o d d a  and w u  *ended at M A  to 
w imprta occurring in other repjom of the worid and to concepg and methodolo@ unda 
study at IWSk 
Other pubkatmm on the m q w n e n t  of energ~rienvironment system am lirted at the 
end of thin report. 
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SUMMARY 
The environmental conwquenees of comtmction and opcrntioa of electrical genera- 
- station are mc&iq iaeruengly cloacr scrutiny by repla- rgencies and members of 
the public. The h a  are n m e l y  complex and invoke a host of considerations, such as 
potentirl impacts on Lnd urc and human hulth and safety. Furthermore. environmental 
impacts amociated with the energp system, which L dctined in thir cue to include the power 
plant d dl h t e d  fud induotries, may occur outside the region when the electricity is 
generated. For example, since the atate of Wibcomin in the USA must obtain all its coal 
d uranium from other regiom. none of the environmental impactn of mining are within 
Wueoolin. 
The b d  system must be addread to make rational decisions on acceptable 
environmental effects. k the deeiaion making procca unfolda, it is desirable to take into 
accamt. d2 h e  poritive and negative ;rspectr of both the p r o p 4  pian of action and f e d l e  
ahmdve  p h ~ .  Since qurntiliadon of certain environmental impacts-or even just preparing 
a bt of the 'kpoimportnnt" impacts-quk some value judgments, achieving such an ideal is 
difiieult One systematic method for a p p r o d u g  an assesmaat of alternatives is the subject 
of thir report. 
A systemwide penpeetive of the environmental impact of electrical generation is given 
by ths Bdcity Impact Model (EIM) developed at IIASA and the University of Wisconsin- 
Maikon. The modd providca quantified environmental impactn an a function of alternative 
dectricpl demand and genedon forecasts; impact factom are associated with alternative 
pmmtion sydana in t e r x ~  of chctxicity generated or of generating capacity. During a simu- 
Ltioa b impact factom can vary with time to represent changed &I policy or technology. 
V a r i a u  policp optiom have bem built into EIM for convenience, and any of the hundreda 
of impact factom CUI be varied 
The Spatem included in EIM for its initial application to W i i s c o ~  wen the prcasurized 
mta raEtor, bo@ water metor, tugh temperature gebcooled reactor, liquid metal fast 
breeder ractor, and c o d  The cod system can include p h t n  that bum low sulfur subbitu- 
minow cod r wdl an p h t a  that ULIC hrgh sulfur bituminous; the cod system parameters can 
rbo be adjusted to include advaaced technology systems. mch aa fluidized bed combustion. 
O t h ~  system ern be added to EIM by preparing a system flow diagram that indicates. for 311 
pointa in the system, the flow rate of fuel matvinb requind for a specified quantity of elm- 
ticity p e r d o n  Qurnfified environmental impactn can then be associated with the fuel 
flow rate md in turn with the electricity generated. 
A gmaPl churcteriutic of EIM i that impacts are aesocieted with the electrical generation 
h t  cllucd them. Thenfore, uranium mining accidentn that may have occurred two or three 
before the electrid generation, and exposure to long-lived radionuclidea that may occur 
many y u n  after the genmtion, are tabulated in the year of generation. 

Environmental Impacts of Electrical Generation: 
A Systemwide Approach 
I. INTRODUCTION 
The environmental consequences of construction and operation 
of large electrical generating stations are receiving increas- 
ingly closer scrutiny by regulating agencies and members of the 
public. The issues are extremely complex and involve a host of 
considerations, such as land use and human health and safety. 
Often the most controversial concerns are focused upon the 
effects in the innnediate area of the power plant, when in fact 
effects of much greater impact may be occurring elsewhere as a 
direct result of power plant operation. Each component in the 
electrical energy system must carry out its function in order 
to produce the electricity at the power plant, with the system 
boundary defined in this case to include the power plant and all 
associated fuel industries. Environmental impacts are broadly 
defined as the effects on land, air, water, structures, and 
living organisms, including the health and safety of the general 
public as well as people employed throughout the energy system. 
As the decision making process unfolds, it is clearly 
desirable to take into account all the positive and negative 
aspects of both the proposed plan of action and feasible alter- 
native plans. If all the impacts were known, the unified frame- 
work of an energy system approach could be used to consider the 
total impacts of long-term policies as well as alternative energy 
systems in a single process. Unfortunately, all impacts cannot 
be quantified in a way that will allow achievement of this ideal, 
but obviously evaluations should attempt to approach it as 
closely as possible. The broad system aspects must be addressed 
in order to make rational decisions on acceptable environmental 
effects. 
When decisions must be made on alternative energy sources, 
at least three important sets of information need to be 
considered: ( 1 ) conventional costs, ( 2 )  quantified impacts, 
and ( 3 )  unquantif ied impacts. These and other factors are in 
general combined through the value judgment of decision makers, 
who may be utility executives, regulators, or average citizens 
(Figure 1 )  . 
Conventional costs are the usual costs of doing business. 
For an electrical generating station they include the capital 
cost of the plant, the fuel cost, and the operating and main- 
tenance cost. 
I 
TYPE OF VALUE JUDWEM 
ELECTRI UL QUANTl F I m  u OF 
WRGY SYSTEM IRACTS DECISION M R  
F i e  1. Faaon in en- decision makmg. 
Quantified impacts are the focus of the Electricity Impact 
Model (EXMI, described in the next section. They include 
systemwide effects such as land disturbed for mining and waste 
storage, water consumption, and pollutants emitted. In the past 
a typical method used to combine conventional costs and quantified 
impacts has been to associate a dollar cost with the impact; the 
dollar cost might be a value judgment of the damage or it might 
be the cost associated with a technology for reducing or 
eliminating the impact. When new control technologies become 
available or new standards are set, some quantified impacts are 
generally reduced or eliminated while conventional costs usually 
increase. Thus, transfers among the categories may take place 
over time as Figure 1 indicates. 
The enforcement of strict sulfur dioxide emission standards 
at coal-fired plants is an example of a regulation that may 
result in an increase in costs, a decrease in certain unquantified 
and quantified (in EIM) impacts, and an increase in other 
unquantified and quantified impacts. The cost increase comes 
about from the expenses related to purchase and operation of SO2 
removal equipment or the use of expensive low sulfur coal. Some 
quantified impacts that decrease are the emissions of SO2 and 
the associated health impacts on the public (thought to be a 
small part of the total health impact). Other quantified impacts 
may increase depending on the strategy used; if SO2 removal 
equipment is selected, some land for sulfur sludge disposal will 
probably be needed. Unquantified impacts that are affected 
include all other health effects of air pollution and impacts 
associated with limestone mining necessary for SO2 removal. 
Several approaches to impact quantification for better 
understanding of energy/environmental policy issues have become 
available in tho last few years. For example, the U.S. Council 
on Environmental Quality has studied electrical energy systems 
[ I ]  and has developed the Matrix of Environmental Residuals for 
Energy Syst- (MERES), which served as a basis for a detailed 
comparison of energy alternatives [ 2 ] .  Although the objectives 
of such studio6 have differed, a steadily improving data base 
on energy systams has resulted. 
Unquantified impacts comprise all other environmental 
concerns, some of which may not even be recognized. Further 
research may allow aome of these to enter the quantified cate- 
gory as suggested in Figure 1. Others, however, will most 
likely remain unquantified, because they have just been 
recognized as potentially important and have not been investigated, 
because quantification is based almost entirely on value judg- 
ment, or because they are not even recognized as impacts. 
The decision maker is presented with those three sets of 
information, and selects the best alternative using his value 
system. Some may say that as long as applicable standards are 
being met, the alternative with the lowest conventional cost 
should be selected. Others may give more weight to the exter- 
nalities included in the quantified impacts. Still others may 
feel that certain unquantified impacts or unknowns should 
receive more attention [ 3 1 .  Since decisions are being made 
continuously, combinations of conventional costs, quantified 
impacts, and unquantified impacts are being transformed into a 
single figure of merit through value judgments, knowingly or 
otherwise. A methodology for converting some of this in-the- 
head analysis into formal analysis using a preference model is 
presented in Section 111, and some conclusions of the research 
are discussed in the' final section 
11. DESCRIPTION OF THE ELECTRICITY IMPACT MODEL 
The Electricity Impact Model (EIM) was originally developed 
as a submodel of the =consin Regional Energy (WISE) Model, a 
computerized simulation model that describes technological- 
economic-environmental interactions in the Wisconsin energy 
system. However, EIM is structured so that it can be used 
independently for studies of environmental impacts from electrical 
generation in other regions. For example, impacts associated 
with future electrical generation for the Rhane-Alpes region in 
southern Prance and the German Democratic Republic have been 
estimated using a version of EIM implemented at IIASA [ 5 ] .  
A full description of the model is given in Reference ! 6 1 .  
The following is simply a brief outline of Its characterlstlcs. 
A. Features  of t h e  E l e c t r i c i t y  Impact Model 
1 .  Input-Output 
The inpu t  required by EIM i s  f i r s t  t h e  yea r ,  and second t h e  
q u a n t i t y  of e l e c t r i c i t y  genera t ion and capac i ty  by f u e l  source. 
Addi t ional  inpu t  is needed t o  change any of t h e  numerous param- 
e t e r s  t h a t  desc r ibe  t h e  re fe rence  energy systems. The output  
from EIM 1s quantified environmental e f f e c t s  t h a t  r e s u l t  from 
t h e  energy use and t h e  supporting f u e l  system a c t i v i t i e s .  
The b a s i c  s t r u c t u r e  of EIM i s  shown i n  Figure  2. The f u e l  
supply d a t a  f o r  each year  of computer s imula t ion  a r e  combined 
wi th  impacts a s soc ia ted  with re fe rence  p l a n t s  t o  o b t a i n  t o t a l  
q u a n t i f i e d  impacts by f u e l  type and year.  A re fe rence  system 
f o r  a p a r t i c u l a r  f u e l  and year may have d i f f e r e n t  impacts than 
t h a t  r e fe rence  system f o r  t h e  same f u e l  i n  another  year:  t h i s  
is  due t o  time-dependent f a c t o r s  such a s  decreased SO2 emissions 
pe r  u n i t  e l e c t r i c a l  genera t ion t h a t  r e s u l t  from s u l f u r  removal 
systems o r  increased use  of low-sulfur c o a l .  
Figure 2. Basic structure of the Electricity Impact Model. 
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2 .  Impact Factors  
"Impact f a c t o r s n  assoc ia ted  wi th  each type of f u e l  supply 
have been determined from c o l l e c t i o n  and a n a l y s i s  of r e l e v a n t  
d a t a ;  they are s p e c i f i e d  i n  t h e  model a s  a funct ion of energy 
(kwh) o r  i n  some cases ,  e l e c t r i c a l  capac i ty  (kW) The t o t a l  
q u a n t i f i e d  impacts a r e  ca lcu la ted  by mul t ip lying t h e  matrix of 
impact f a c t o r s  f o r  a p a r t i c u l a r  year  and a p a r t i c u l a r  energy 
source  by t h e  energy use  from t h a t  source. The q u a n t i f i e d  
impacts a r e  given by 
where 
Qijk = q u a n t i f i e d  environmental impacts of type 
i i n  year  j  r e s u l t i n g  from e l e c t r i c a l  
genera t ion source k, 
E = e l e c t r i c a l  genera t ion o r  capac i ty  f o r  jk  energy source k i n  year  j  , and 
Iijk = impact f a c t o r  of type i i n  year j f o r  
energy source k. 
The q u a n t i f i e d  impacts can be summed over index j t o  ob ta in  
cumulative impacts f o r  a p a r t i c u l a r  energy source.  Impacts wi th  
s i m i l a r  u n i t s  can be summed: ( 1 )  over index i t o  obta in  t o t a l s  
f o r  a p a r t i c u l a r  year and energy source ,  and ( 2 )  over index k 
t o  ob ta in  t o t a l s  f o r  a l l  energy sources i n  a p a r t i c u l a r  year .  
However, personal  preferences  genera l ly  determine which impacts 
can be summed. 
' A  kilowatt-hour ( k r h )  is a measure of energy, acd a 
k i lowat t  (kW), o r  1000 w a t t s ,  a  measure of power. 
3. Time-Dependent C h a r a c t e r i s t i c s  
The impact f a c t o r s  have been determined from reviews of 
impact q u a n t i f i c a t i o n  i n  t h e  l i t e r a t u r e  a s  we l l  a s  independent 
a n a l y s i s  of t h e  s p e c i f i c  r eg iona l  s i t u a t i o n .  Many of t h e  f a c t o r s  
i d e n t i f i e d  i n  t h i s  manner a r e  d i r e c t l y  a p p l i c a b l e  only t o  cur-  
r e n t  energy systems. However, impact f a c t o r s  can be modified 
t o  r e f l e c t  changes i n  technology, r e g u l a t i o n ,  popula t ion,  o r  
o t h e r  considera t ions .  The impacts a s soc ia ted  with annual 
e l e c t r i c a l  genera t ion of a 1000 M W e  u n i t  i n  1970  a r e  no t  neces- 
s a r i l y  t h e  same a s  f o r  annual genera t ion from t h e  same u n i t  i n  
1980.  
A s  an example, underground c o a l  miners f a c e  t h e  well-known 
h e a l t h  hazard of black lung d i s e a s e ,  more proper ly  known a s  c o a l  
workers'  pneumoconiosis (CWP) .  The advanced s t a t e s  of CWP 
spread progress ively  i n  t h e  absence of exposure t o  c o a l  d u s t ,  
which i s  t h e  o r i g i n a l  cause of t h e  problem, and may lead t o  
death  o r  t o t a l  d i s a b i l i t y .  A c e r t a i n  f r a c t i o n  of t h e  underground 
c o a l  miner labor  fo rce  became d i sab led  i n  1970  because of t h i s  
d i sease .  I f  t h e i r  d i s a b i l i t y  r a t e  could be shown t o  be r e l a t e d  
t o  c o a l  production over a period of t i m e ,  a c e r t a i n  q u a n t i t y  of 
c o a l  miners '  d i s a b i l i t y  could be assoc ia ted  wi th  each u n i t  of 
c o a l  obtained by underground mining. However, t h e  CWP d i s a b i l i t y  
r a t e  should diminish a s  new s tandards  become opera t ive  and new 
miners jo in  t h e  work force .  By studying t h e  d a t a  and t h e  
s ta tements  of exper t s ,  one can es t ima te  a CWP impact f a c t o r  t h a t  
decreases  a s  a func t ion  of time. Thus, a s  a r e s u l t  of a new 
regu la t ion ,  t h e  impact f a c t o r ,  t o t a l  d i s a b i l i t y  from CWP per  
u n i t  of underground c o a l ,  is  a func t ion  of time. 
A general  c h a r a c t e r i s t i c  of EIM i s  t h a t  impacts a r e  associ -  
a t e d  wi th  t h e  energy use t h a t  caused them. Therefore,  uranium 
mining acc iden t s  t h a t  may have occurred two o r  t h r e e  y e a r s  
before  t h e  e l e c t r i c a l  genera t ion,  and exposure t o  krypton-85 and 
t r i t i u m  (H3) t h a t  may occur many years  a f t e r  t h e  genera t ion,  a r e  
t abu la ted  i n  t h e  year of t h e  generation.  A mathematical expres- 
s i o n  using a Green's  funct ion t h a t  desc r ibes  t h e  impacts a t  time 
t '  due t o  e l e c t r i c a l  genera t ion a t  time t i s  
act ,  = ~ ( t f i .  I ( t , t ' ,  d t '  
where 
Q(t)  = quan t i f i ed  environmental impacts a s soc ia ted  
with e l e c t r i c a l  genera t ion a t  time t,  
E ( t )  = e l e c t r i c a l  genera t ion a t  time t,  and 
I (t ,  t '  = impacts t h a t  occur a t  time t '  per u n i t  energy 
use a t  time t. 
It should be noted t h a t  the time a t  which the impacts occur is  
not specif ied i n  EIM; I ( t , t 8 )  is not provided. The impacts a r e  
associated with the energy use that caused them. 
B. Problems of Impact Aggregation and Class i f ica t ion  
It is d i f f i c u l t  t o  display i n  a general fashion the ways 
i n  which e l e c t r i c a l  energy use r e s u l t s  i n  f i n a l  impacts, but 
Figure 3 shows the pathways f o r  a l a rge  number of e f fec t s .  Final  
impact as  used here i s  the  quant i ta t ive  r e s u l t  t h a t  has a mini- 
mrnn of value judgmsnt associated with it. Pathway 1 includes 
impacts such a s  a i r  pol lut ion from a coal-f i red p lan t ,  radio- 
ac t i ve  releases  from a nuclear reac tor ,  chemical re leases  from 
a power plant ,  and waste heat. The d i r e c t  e f f e c t s  of e l e c t r i c a l  
generation shown i n  Pathway 2 a r e  e f f e c t s  a t  the  power plan t  
s i t e s ,  such a s  land ulre and water use. Pathway 3 accounts f o r  
occupational heal th  and accident r i s k ,  such a s  uranium mining 
accidents  and uranium miners' exposure t o  radiat ion.  Pol lut ion 
from f u e l  cycle operations,  such a s  radioact ive re leases  from 
nuclear fue l  reprocessing p lan ts ,  a r e  represented by Pathway 4 .  
Occupational heal th  and accident r i s k  a t  t he  power p lan t  i t s e l f  
is shown a s  Pathway 5. To compare fu ture  a l t e rna t ives ,  the 
decis ion maker must then combine these quant i f ied f i n a l  impacts 
with the  unquantified impacts and conventional cos t s  (Figure 11,  
and undoubtedly with other  f ac to r s  t h a t  influence h i s  decision 
process. 
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The specific classification of impacts in EIM is shown in 
Figure 4. After selection of generation sources, cooling systems, 
and any changes as a function of time, the model calculates 
impacts according to the type of electrical generation and year 
that it takes place. The impacts are classified into the general 
categories of land, air, water, human health and safety, and a 
miscellaneous category that includes fuel resource use, effi- 
ciency, and solid waste. A slightly more detailed breakdown is 
shown for human health and safety impacts inside Wisconsin. Such 
classifications depend on the preferences of the decision maker 
and could range from a few categories to separate categories for 
every impact factor in EIM. 
Figure 4. Illustrative chification of impacts in EIM. 
Another problem of display is  t he  location of impacts and 
t h e i r  associated causes. The four c lasses  selected are:  
- Impacts that  occur within the  region because of 
energy use within the  region, 
- Impacts t h a t  occur outs ide the region because of 
energy use within the  region, 
- Impacts that occur within the  region because of 
energy export t o  other  regions, 
- Impacts t ha t  occur outs ide the  region because of 
energy export t o  o ther  regions. 
This c l a s s i f i ca t i on  helps t o  c l a r i f y  the degree t o  which 
impacts a re  exported t o  other  regions because of e l e c t r i c i t y  
use within the region, and a r e  suffered within the  region 
because of export t o  other  regions. 
C. Reference E lec t r i ca l  Generating Systems 
Several generating systems based on coal  and nuclear f i s s i o n  
were selected fo r  de ta i led  modeling i n  the or ig ina l  version of 
EIM. The time period of i n t e r e s t  was through the  year 2000, and 
the region was Wisconsin, where various forms of coal  and nuclear 
generation a r e  the only major options current ly  under considera- 
t i on  f o r  t h i s  time period [ 4 ]  . 
The reference coal  system, shown i n  Figure 5,  can be adjusted 
t o  include advanced technology p o s s i b i l i t i e s ,  such a s  f luidized 
bed combustion, a s  w e l l  a s  fo r  various combinations of mining 
methods and coal sources. The cha rac t e r i s t i c s  of the  reference 
system w i l l  be a l te red  when such changes a r e  made, a s  Table 1 
indicates .  For example, a s h i f t  t o  more western coal means 
fewer coal mining f a t a l i t i e s ,  because western coal  is assumed 
t o  be surface-mined, a type of mining t h a t  has r e l a t i ve ly  low 
accident r a t e s .  The specif icat ion of the capacity a t  a s i t e  and 
the  number of people l iv ing  i n  the v i c i n i t y  of the  plant  a r e  
important components i n  the estimation of ce r t a in  quant i f ied 
human heal th  impacts t h a t  r e s u l t  from exposure t o  a i r  pol lut ion.  
The SO2 emissions from the reference plant  using bituminous coal  
m u s t  be reduced by over 70 percent t o  meet an emission standard 
of 1 . 2  pounds per mill ion BTU input.  Stack gas treatment systems 
f o r  reducing SO2 emissions a r e  assumed t o  be ava i lab le  i n  the  
Wisconsin Base Case. Power p lan t  eff ic iency and a l l  re la ted  
impacts, a s  w e l l  a s  emissions and heal th  e f f ec t s ,  a r e  affected 
by the decision t o  use t h i s  equipment. 
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Figure 5. The 4 enagy system: c o d  flow nta are in millions 
of tons p a  year for 1970 reference syatem; waate 
mmqcment is required throughout the system. 
The four nuclear systems included in the model are: 
- Pressurized water reactor (PWR) , 
- Boiling water reactor (BWR) , 
- ~ i g h  temperature gas-cooled reactor (HTGR), and 
- Liquid metal fast breeder reactor (LMFBR). 
The PWR and BWR are the favored reactor types in the U.S.A. 
The HTGR may became commercially competitive in the near future. 
The LMFBR is many years away from colmnercial operation and is 
not expected to make any contribution to Wisconsin's electrical 
generation before the mid-1990s. 
The reference PWR system has more fuel cycle industries 
than the coal system, as shown by a comparison of Figures 5 and 
6. The fuel cycle shown is for a once-through cooling system; 
if a closed-cycle cooling system, such as cooling towers, is 
used, the efficiency of the reactor is reduced and material flow 
rates must be increased to achieve the same net electrical 
output2. EIM has seven cooling options : once-through, spray 
2 ~ h e  model user is responsible for specifying the cooling 
system distribution. The model calculates efficiencies and 
corresponding material flow rates. 
Table 1 .  Same charac te r i s t i c s  of the reference 
coal-fired e l e c t r i c a l  generation systam 
for Wisconsin (Source: [ 61 . 
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Coal mining f a t a l i t i e s  per 
million metric tons nuned: 
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Surface mining 
Coal shipping distauce (km) 
Metric tons coal  by t r a i n  
Public f a t a l i t i e s  per million 
train-km 
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(BTu/kWh) with: 
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- Natural d r a f t  wet cooling 
towers and SO2 stack gas 
ramoval equipment 
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F i e  6. The pressurized water ractor reference system: uranium flow 
rates are in memc tons per year (U235 in parenthesis) for 1970 
reference system; waste management is required throughout 
the system. 
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c a n a l s ,  a r t i f i c i a l  l ake ,  and four  types  of cool ing towers. 
Other c h a r a c t e r i s t i c s  of t h e  re fe rence  PWR system a r e  l i s t e d  i n  
Table 2, and d e t a i l s  of a l l  r e fe rence  systems a r e  given i n  [ 6 ] .  
The quan t i f i ed  impacts f o r  t h e  1970 re fe rence  coa l  system 
a r e  shown i n  Table 3. They a r e  assoc ia ted  with 6.1 x 109 kWh 
generat ion i n  t h a t  year.  However, a 1980 re fe rence  c o a l  system 
has  d i f f e r e n t  impacts because of assumptions concerning param- 
e t e r s ,  such as: 
S m u X E  (0.44) 14.1 ' 
mRHi 10.801 
I 
- Declining accident  r a t e s  per ton mined, 
116.0 
TAILS 
LO.311 
73.3 
(0.51) 
61.4 
- Declining black lung d i sease  per ton mined underground, 
- Declining average e f f i c i e n c i e s  because of increased use  
of c losed cycle  cooling systems, 
-IM 
- Increased use  of western c o a l ,  
- Increased use  of SO2 c o n t r o l  systems, and 
- Improvement i n  p a r t i c u l a t e  c o l l e c t i o n  devices.  
117.6 
- 
(0.91) 
117.6 
- 
(0.911 
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Table 2. Some c h a r a c t e r i s t i c s  of the  reference 
pressurized water r eac to r  system f o r  
Wisconsin (Source: [ 21 ) . 
Percentage of uranium from surface mines 1 54 percent  (1) ( 
Grade of t he  o re  (percent  U308 in ore)  ( 0.2 percent  I 
Uranium mining f a t a l i t i e s  per  thousand 
metr ic  tons  U308: 
- Underground mining 
- Surface mining 
Land d is turbed  f o r  sur face  mining of 
uranium (m2/MT of ore)  
Source of uranium 
U235 content  i n  enrichment t a i l i n g s  
Uranium recycle 
Plutonium recycle  
Fresh f u e l  enrichment (percent  U235) 
Spent f u e l  enrichment (percent  U235) 
Equilibrium burnup 
Kr85 i n  spent  f u e l  
Tritium i n  spent  f u e l  
Average capaci ty f a c t o r  f o r  r eac to r  (2 
Power p lan t  hea t  r a t e  (BTU/kWh) with: 
- Once-through cooling 
- Natural  d r a f t  wet cooling towers 
Noble gas r e l ea se  a t  r eac to r  
Tritium re l ea se  a t  reac tor  
ou ts ide  region 
0.25 percent 
33,000 megawatt- 
days (MWd) per  
met r ic  ton 
0.34 Curies ( C i )  
per IW 
0.021 C i  per LYW~ 
0.70 
Occupational r ad i a t i on  exposure a t  r eac to r  I 450 man-ren per 1000 me-year  ( 4 1  II 
(2 )  Capacity f a c t o r  is the ac tua l  generat ion (kwh) divided by the  
maximum poss ib le  generat ion of the  u n i t  continuously operated 
a t  f u l l  power. 
Mil l ions of people within 80 ~III 
of reac tor  
( 4 )  The value l i s t e d  is assoc ia ted  with annual operat ion of each 
1000 Mkle of capaci ty reqard less  of capaci ty f ac to r .  
A man-rem is a measure of population exposure t o  r ad i a t i on .  
One person exposed to  one rem and one mi l l ion  people exposed t o  
10-6 rem a r e  both equivalent  t o  one man-rem. 
same 69 f o r  coa l  
i n  Table 1 
(1) Assumed t o  vary as  a funct ion of time i n  the  Wisconsin Base Case. 
Only i n i t i a l  (1970) condit ions a r e  l i s t e d .  
T a b l e  3.  Q u a n t i f i e d  impacts*  f o r  t h e  1970  r e f e r e n c e  c o a l  sys tem:  a n n u a l  impac t  f o r  
r e f e r e n c e  1000 MWe p l a n t  f o r  0 . 7 0  c a p a c i t y  f a c t o r  i n  1970. 
F u e l  R e s o u r ce ,  E f f i c i e n c y ,  and S o l i d  Waste 
1. C o a l  r equ i r em en t  a f t e r  c l e a n i n g  l o s s e s  
2.  T r a n s p o r t a t i o n  and h a n d l i n g  l o s s  o f  c o a l  
3. C o a l  p l a n t  t h e r m a l  d i s c h a r g e  t o  w a t e r  
4. C o a l  p l a n t  t h e r m a l  d i s c h a r g e  t o  a i r  
5 .  T o t a l  t r a i n - m i l e s  f o r  c o a l  s h ipm e n t s  
6.  I n p u t  ene r gy  r e q u i r e d  t h r o u g h o u t  c o a l  f u e l  sys tem 
7. Ash c o l l e c t e d  a t  c o a l  power p l a n t  
8. S u l f u r  r e t a i n e d  a t  c o a l  power p l a n t  
9 .  Limes tone  mined f o r  s u l f u r  removal  
10. C o a l  c l e a n i n g  p l a n t  s o l i d  w a s t e  
Land U s e  
11. Land d i s t u r b e d  f o r  s u r f a c e  min ing  o f  c o a l  
1 2 .  Land d i s t u r b e d  f o r  c o a l  s u r f a c e  min inq  ( n o t  r e c l a i m e d )  
13 .  Land s u b s i d e n c e  from underground c o a l  mln ing  
14.  Land f o r  a s h  d i s p o s a l  a t  t h e  power p l a n t  
15.  Land f o r  s u l f u r  s l u d g e  d i s p o s a l  a t  power p l a n t  
16 .  Land f o r  d i s p o s a l  o f  s o l i d  w a s t e  from underground mining  
17 .  Land f o r  d i s p o s a l  o f  s o l i d  w a s t e  from c l e a n i n g  
18.  Waste s t o r a g e  a r e a  f o r  c o a l  f u e l  c y c l e  
19.  Land u s e  a t  p l a n t  and f u e l  c y c l e  f a c i l i t i e s  ( d o a l )  
Impacts  on Water  
20. Acid mine d r a i n a g e  from c o a l  m in in g  ( m o s t l y  w a t e r )  
21. S u l f u r i c  a c i d  i n  c o a l  mine d r a i n a g e  
22. D i s s o l v e d  i r o n  i n  c o a l  mine d r a i n a g e  
23. S i l t a t i o n  from s u r f a c e  min ing  
24. Coal  c l e a n i n g  p l a n t  b l a c k w a t e r  s o l i d s  
UNIT 
-
Tons 
Tons 
kwh ( t h )  
kwh ( t h )  
M i l e s  
kwh ( t h )  
Tons 
Tons 
Tons 
Tons 
A c r e s  
A c r e s  
A c r e s  
A c r e s  
A c r e s  
A c r e s  
A c r e s  
A c r e s  
A c r e s  
Tons 
Tons 
Tons 
Tons 
Tons 
Table 3 (continued). 
Impacts on Air 
25. Flyash emission at coal power plant 
26. Sulfur dioxide emission at coal power 
27. Nitrogen oxides (as NOZ) emission at coal power plant 
28. Carbon dioxide emissio~i at coal power plant 
29. Carbon monoxide en~ission at coal power plant 
30. Hydrocarbon emissions at the power plant 
31. Aldehyde emissions at the power plant 
32. Mercury emission at coal power plant 
33. Beryllium emission at coal power plant 
34. Arsenic emission at coal power plant 
35. Cadmium emission at coal power plant 
36. Lead emission at coal power plant 
37. Nickel emission at coal power plant 
38. Vanadium emission at the power plant 
39. Uranium (U238) or Ra226 emission at power plant 
40. Thorium (Th232) or Ra228 emission at power plant 
41. Coal cleaning plant dust emissions 
Human Health and Safety 
42. Coal mine accidents (fatalities) 
43. Coal mine accidents (nonfatal injuries) 
44. Coal mine accidents (severity in person-days lost (PDL)) 
45. Coal cleaning plant occupational ratalities 
46. Coal cleaning plant occupational nonfatal injuries 
47. Coal cleaning plant occupational severity 
48. Coal transportation accidents (occupational fatalities) 
49. Coal transportation accidents (occupational nonfatal injuries) 
50. Coal transportation accidents (occupational severity) 
51. Coal transportation accidents (public fatalities) 
52. Coal transportation accidents (public nonfatal injuries) 
53. Coal transportation accidents (public severity) 
54. Coal power plant accidents (occupational fatalities) 
Tons 
Tons 
Tons 
Tons 
Tons 
Tons 
Tons 
Tone 
Tons 
Tone 
Tons 
Tons 
Tons 
Tons 
Curies 
Curies 
Tons 
Deathe 
NPI 
PDL 
Deaths 
NFI 
PDL 
Deathe 
NFI 
PDL 
Deaths 
NFI 
PDL 
Deaths 
T a b l e  3 ( c o n t i n u e d )  
C o a l  power p l a n t  a c c i d e n t s  ( o c c u p a t i o n a l  n o n f a t a l  i n j u r i e s )  
C o a l  power p l a n t  a c c i d e n t s  ( o c c u p a t i o n  s e v e r i t y )  
C a s e s  o f  t o t a l  d i s a b i l i t y  f rom b l a c k  l u n g  d i s e a s e  
C a s e s  o f  s i m p l e  b l a c k  l u n g  d i s e a s e  (some d i s a b i l i t y )  
P u b l i c  f a t a l i t i e s  from a c u t e  SO2 e x p o s u r e  
Days o f  a g g r a v a t i o n  o f  h e a r t  a n a  l u n g  d i s e a s e  from SO 
Exces s  as thma a t t a c k s  from a c u t e  SO2 e x p o s u r e  2  
T o t a l  o c c u p a t i o n a l  f a t a l i t i e s ,  h e a l t h  and a c c i d e n t ,  f o r  c o a l  
T o t a l  o c c u p a t i o n a l  n o n f a t a l  i n j u r i e s  f o r  c o a l  
T o t a l  o c c u p a t i o n a l  s e v e r i t y  f o r  c o a l  
T o t a l  d e a t h s  i n  c o a l  f u e l  c y c l e  ( a n n u a l )  
T o t a l  n o n f a t a l  i n j u r i e s  i n  c o a l  f u e l  c y c l e  ( a n n u a l )  
T o t a l  person-days  l o s t  i n  c o a l  f u e l  c y c l e  ( a n n u a l )  
Note: NFI = N o n f a t a l  i n j u r i e s  
PDL = Person-days  l o s t  
.227 + 07 means 0 . 227  x 1 0 '  
* 
T h i s  t a b l e  l ists o n l y  t h o s e  im p a c t s  i n c l u d e d  i n  EIt4 a s  o f  November 1975 .  
A s  i n d i c a t e d  i n  t h e  t e x t ,  t h e  s e l e c t i o n  o f  t h i s  l i m i t e d  s e t  o f  i m p a c t s  is c l e a r l y  
s u b j e c t i v e .  
NFI 
PDL 
C a s e s  
C a s e s  
Dea th s  
Days 
A t t a c k s  
Dea th s  
NFI 
PDL 
Dea th s  
NFI 
PDL 
For example, the EIM base case assumptions result in a decline 
of coal mining fatalities (Impact 42 in Table 3 )  from 0.87 per 
1000 MWe-year in 1970 to 0.29 per 1000 MWe-year in 1980. 
D. Typical Results of EIM 
The annual electrical generation in Wisconsin for a typical 
case study is shown by Figure 7. Nuclear plants are arbitrarily 
assumed to be half of all new capacity installed after 1982; ~ m ' s  
are assumed to remain the preferred reactor type. The average 
growth rate of total electrical generation is 4.7 percent per 
year during the period. 
YERR OF ELECTRICAL GENERATION 
F i e  7. Annual generation in the WISconsin base asc. 
The e f f e c t  on c o a l  mining f a t a l i t i e s  of s h i f t i n g  t h e  source  
of c o a l  used f o r  Wisconsin's e l e c t r i c a l  genera t ion  was s tud ied  
wi th  EIM. The four  d i f f e r e n t  mining scenar ios  s t a r t i n g  i n  19763 
w e r e :  
- A l l  c o a l  from undergroun bituminous mines, 
- A l l  c o a l  from s u r f a c e  bituminous mines, 
- A l l  c o a l  from western subbituminous mines, and 
- A mixture of  c o a l  sources.  
The r e s u l t s  i n  Figure 8 show t h e  number of expected c o a l  mining 
f a t a l i t i e s  f o r  each of t h e s e  mining scenar ios ;  t h e  assumed 
YERR OF ELECTRICRL GENERATION 
F i e  8. Type of coal mining and mining fatalities. 
31970 through 1975 a r e  based on a c t u a l  d a t a .  
generation f o r  a l l  cases is plo t ted  i n  Figure 7. I f  a l l  coal  is 
obtained from underground bituminous mines, the expected 
f a t a l i t i e s  a r e  s ign i f ican t ly  grea te r  than fo r  surface-mined 
coal.  The western subbituminous mining f a t a l i t i e s  a re  somewhat 
higher than with surfaced-mined bituminous because the same 
accident r a t e s  per ton a r e  assumed and more tons of western coal  
a r e  needed t o  produce a u n i t  of e l e c t r i c i t y .  
Public and occupational rad ia t ion  exposure t h a t  can be 
associated with the  nuclear generation (Figure 7)  is plo t ted  i n  
Figure g4. The occupational exposure a t  the  r ea to r  is signif  i- 
cant ly  grea te r  than any other  category shown (note the 
YERR OF ELECTRlCRL DENERRTION 
F i e  9. Public and occupatiod radiation exposure. (Do- r d t  
from genmrion in the y a r  shown.) 
4~ manrem is defined a t  the bottom of Table 2. 
logarithmic scale). In addition, the occupational dose at the 
reactors is concentrated on a few hundred individuals, whereas 
the global dose to the public from Kr85 and H3 is spread over 
billions of people. EIM includes several other categories of 
radiation exposure that are not displayed in Figure 9; all 
quantified radiation exposure is used to estimate expected health 
effects. 
111. UTILITY THEORY IN DECISION MAKING 
The preceding sections of the paper have outlined some 
methods of environmental impact quantification. In some cases 
the boundary between personal preferences, or value judgments, 
and technical evaluation of impacts is not well defined. The 
Electricity Impact Model is based on the principle that the 
technical evaluation of impacts should be as objective as possible 
and therefore should result in a list of quantified impacts, 
expressed in units or dimensions that are reasonably familiar or 
easily explained to most people. Clearly, the process of impact 
selection requires subjective judgments by the technical evaluator. 
In addition, the evaluation of alternate energy strategies and 
their resulting impacts requires a judgment on the combined set of 
impacts. To combine the quantified impacts, the recognizea 
unquantified impacts, and the conventional costs for a particular 
alternative on a consistent basis, one approach is multiattribute 
utility theory 17, 8, 91. This theory provides a convenient 
framework for a decision maker to evaluate alternatives in terms 
of the degree to which each of a set of objectives is met. The 
alternative to a preference model is to continue using in-the- 
head analysis for these complex judgments. 
The steps in multiattribute utility analysis of integrated 
regional energy systems are indicated in Figure 10. The energy 
system model was designed with flexibility for testing energy 
policies. The construction of alternative energy scenarios 
provided the driving function for EIM. The categorization of 
the output from EIM provides some of the input to the utility 
assessment. Selection of a set of characteristics that properly 
represents the impacts and costs associated with each alternative 
to be evaluated may involve significant aggregation of quantified 
impacts into a relatively small number of categories, often 
referred to as attributes. However, the aggregation of impacts 
is itself a subjective judgment that must be discussed with the 
decision maker, as is depicted by the iterative feedback loop 
in Figure 10. Recognized unquantified impacts of concern to the 
decision maker can be identified and included in the analysis 
by determining an appropriate proxy variable that can be measured 
This process may result in some changes in the model and its 
output, as indicated in Figure 10. 
A utility function must be assessed for each attribute. 
This requires ranges to be set for all attributes; for reasonable 
sets of assumptions, all possible values of an attribute should 
I '  AllRllYm UTILITY THEOR7 I 
EVKUATIOll OF 
UTILITIES OF SWARIDS 
F i  10. Multktuibute unlit9 analysis of integrated regional mag), systems. 
f a l l  wi th in  t h e  se lec ted  range. The u t i l i t y  is scaled from zero ,  
a t  t h e  l e a s t  d e s i r a b l e  value  of t h e  a t t r i b u t e  i n  t h e  range,  t o  
one, a t  t h e  most d e s i r a b l e .  The shape of t h e  funct ion over t h e  
r e s t  of t h e  range must be determined by asking ques t ions  of t h e  
d e c i s i o n  maker. 
The o v e r a l l  u t i l i t y  func t ion  i s  a  mathematical combination 
of s c a l i n g  cons tan t s  and t h e  u t i l i t y  func t ions  f o r  t h e  i n d i v i d u a l  
a t t r i b u t e s .  The values  of t h e  s c a l i n g  cons tan t s  a r e  determined 
by f u r t h e r  ques t ioning of t h e  dec i s ion  maker and a r e  dependent 
on t h e  ranges s e l e c t e d  f o r  t h e  a t t r i b u t e s .  The o v e r a l l  u t i l i t y  
func t ion  provides a  f i g u r e  of mer i t  which al lows comparison 
among a l t e r n a t i v e s  on a  c o n s i s t e n t  bas i s .  
Since one cannot p r e d i c t  exac t ly  what the  consequences of 
each a l t e r n a t i v e  considered w i l l  be, uncer ta inty  is  assoc ia ted  
with the  l e v e l s  of t h e  a t t r i b u t e s .  I f ,  f o r  a p a r t i c u l a r  alter- 
na t ive ,  t h e  d a t a  were a v a i l a b l e  t o  specify  t h e  p r o b a b i l i t y  
d i s t r i b u t i o n  associa ted with each a t t r i b u t e ,  the  u t i l i t y  theory 
approach would become still more use fu l .  The a b i l i t y  t o  handle 
preferences  under uncer ta inty  is  one of t h e  s t reng ths  of u t i l i t y  
theory.  An i l l u s t r a t i v e  u t i l i t y  assessment using EIM r e s u l t s  i s  
descr ibed i n  Reference [ l o ] ,  and more d e t a i l e d  examples a r e  
given i n  References [ 61 and [ 8  I . 
IV. CONCLUSION 
The E l e c t r i c i t y  Impact Model provides a convenient and 
powerful t o o l  f o r  organizing and displaying many of t h e  
systemwide quan t i f i ed  environmental impacts t h a t  must be con- 
s ide red  f o r  a comprehensive evaluat ion of a l t e r n a t i v e s .  The 
model does not  provide a s i n g l e  f i g u r e  of mer i t ,  hu t  r a t h e r  a 
s e t  of quan t i f i ed  impacts t o  which value judgments must be 
applied.  The model is s t ruc tu red  t o  allow t h e  use r  t o  c a r r y  o u t  
s e n s i t i v i t y  analyses on important parameters and t o  t e s t  po l i cy  
a l t e r n a t i v e s .  In  conjunction with t h e  decision-making framework 
ou t l ined  i n  the  previous sec t ion ,  t h e  r e s u l t s  of t h e  model can 
be used t o  compare impacts on a cons i s ten t  b a s i s  t h a t  t akes  
i n t o  account t h e  preferences  of t h e  dec i s ion  maker. I n i t i a l  
app l ica t ions  t o  Wisconsin, Rhane-Alpes (France) ,  and t h e  German 
Democratic Republic have demonstrated t h a t  t h e  model is  a use fu l  
q u a n t i t a t i v e  t o o l  f o r  pol icy a n a l y s i s  of energy/environrnent 
systems. 
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